Shrubs of the Great Basin desert in Utah are subjected to a prolonged summer drought with the potential consequence of reduced water transport capability of the xylem due to drought-induced cavitation. Hydraulic redistribution (HR) is the passive movement of water from deep to shallow soil through plant roots. Hydraulic redistribution can increase water availability in shallow soil and ameliorate drought stress, providing better soil and root water status, which could affect shallow root conductivity (K s ) and native root embolism. We tested this hypothesis in an Artemisia tridentata Nutt. mono-specific stand grown in a common garden in Utah. We enhanced HR artificially by applying a once a week deep-irrigation treatment increasing the water potential gradient between deep and shallow soil layers. Plants that were deep-watered had less negative water potentials and greater stomatal conductance and transpiration rates than non-watered control plants. After irrigation with labeled water (δD), xylem water in stems and shallow roots of watered shrubs was enriched with respect to control shrubs, a clear indication of deep water uptake and HR. Shallow root conductivity was threefold greater and shrubs experienced lower native embolism when deep-watered. We found clear evidence of water transfer between deep and shallow roots through internal HR that delayed depletion of shallow soil water content, maintained K s and prevented root embolism. Overall, our results show a positive effect of HR on root water transport capacity in otherwise dry soil, with important implications for plant water status.
Introduction
The Great Basin desert in Utah is characterized by its harsh climate and a marked seasonality in water availability. The main recharge of soil moisture comes from winter precipitation followed by drought conditions during the summer months (Dobrowolski et al. 1990 ). Shrubs growing in this desert are thus subjected to a long and intense summer drought with the potential consequence of reduced water transport capability of the xylem due to drought-induced cavitation, a primary cause of loss of productivity and plant mortality (McDowell et al. 2008 , Hartmann et al. 2013 . Xylem cavitation thus represents a caveat and an important constraint for plant survival, which can be especially relevant in drought-prone systems where water availability is low (Brodribb 2009 , Choat 2013 .
In semi-arid systems water from shallow soil layers is rapidly depleted due to high plant uptake amid strong competition and direct evaporation from the soil (Ryel et al. 2008) . Many woody species in arid systems are deep-rooted (Canadell et al. 1996) and frequently have shallow root systems (Flanagan et al. 1992 , Schwinning et al. 2002 , thus often experiencing low soil water potentials in their shallow roots during drought periods. Hydraulic redistribution (HR) is a mechanism by which plants transport water passively from moist deep to shallow dry soil layers (Richards and Caldwell 1987) . This mechanism has been shown to improve the plant water balance mainly through night-time rewetting of surface layers (Dawson 1993 , Caldwell et al. 1998 , Ludwig et al. 2004 , Prieto et al. 2012b ). This soil rewetting implies that water is taken up by deep roots and transported to shallow roots, increasing their water potential over that of the surrounding soil. Thus, water is exuded from roots into the soil following this water potential gradient. This nocturnal water transport can delay the onset of low water potentials in shallow soils that could benefit both root function and rhizosphere processes (Kolb and Sperry 1999a , Domec et al. 2004 ). To date, few studies have determined the importance of HR on improving root function by reducing root embolism formation and potential hydraulic failure (Domec et al. 2004 (Domec et al. , 2006 (Domec et al. , 2007 . These studies were performed with conifer species that usually have narrow resistant xylem vessels (Sperry and Sullivan 1992) but it remains to be seen whether this applies to plants with greater ring porosity and less resistant xylem vessels.
Provision of deep water to shallow soil layers through HR provides an additional quantity of water available to shallow roots the next day that may be variable depending on the species and soil conditions (Neumann and Cardon 2012, Prieto et al. 2012b ). This extra water can represent a great amount of the water transpired by the plant the next day with transpiration rates increasing between 10 and 80% as a result of HR (Emerman and Dawson 1996 , Ryel et al. 2002 , Kurz et al. 2006 . Reduced plant water stress through HR and maintenance or recovery of root conductivity overnight may help increase plant transpiration (E) rates the next day and enhance overall plant carbon (C) assimilation, increasing plant fitness (Domec et al. 2006 , Prieto et al. 2012b . Hydraulic redistribution has been extensively documented in sagebrush (Artemisia tridentata Nutt.) (Richards and Caldwell 1987 , Ryel et al. 2002 , 2004 , a shrub that dominates much of the landscape in the Great Basin region (USA) and is adapted to drought conditions (Dobrowolski et al. 1990) . During the summer drought, these shrubs maintain many leaves that remain physiologically active but suffer great hydraulic limitations and fine shallow root mortality due to low soil moisture availability (Kolb and Sperry 1999b , Peek et al. 2005 . These harsh conditions constrain plant water uptake and transport, reducing plant stomatal conductance (g s ) and overall C gain, which may eventually limit plant growth and survival (McDowell et al. 2013) . However, A. tridentata shrubs do maintain a shallow root system that remains active during drought (Ryel et al. , 2010 . Whether the maintenance of this shallow root activity and water transport depends on HR remains unclear to date, but it is of crucial importance to understand plant water relations and uptake during drought.
Two important hydraulic traits defining the root water transport capacity in plants are the maximum root conductivity (K s ) and the vulnerability to embolism or the relation between losses of xylem conductivity and greater water stress (i.e., declining xylem pressures). The K s is the conductivity of the xylem after removing all air emboli and defines the maximum capacity of the xylem to take up and transport water and dissolved nutrients (Sperry et al. 2002) . The vulnerability to embolism defines the plant's ability to withstand drought and operate above a threshold xylem pressure limit that would, if surpassed, provoke the plant hydraulic failure and death (Kolb and Sperry 1999a , McDowell et al. 2008 , Choat et al. 2012 . One way of measuring the vulnerability to embolism of plant conduits is to calculate the pressure at which stems or roots lose 50% of their maximum conductivity (P 50PLC ). Within the plant, roots are in general more vulnerable than stems and operate near their critical water potentials (Ψ crit ) (Martínez-Vilalta et al. 2002, Domec and Gartner 2003) . Loss of functional xylem in roots due to embolism largely prevents root water uptake and reduces whole-plant hydraulic conductance (Sperry 2000) . This means that small changes in soil water potential can induce great losses in root water transport. Thus, measurements of vulnerability to embolism and K s are important for characterizing the water transport efficiency within plant roots.
In this study, we test whether HR is a mechanism that can maintain shallow root water transport and uptake capacity during drought periods in the ring-porous species A. tridentata. The main goal was to examine the effect of HR on reducing the loss of K s and root embolism during a relatively long dry season and its implications for overall plant water uptake and physiology. We hypothesized (i) that sagebrush shrubs would redistribute the water added to depth to shallow roots and the soil surrounding the roots, (ii) that this transport of water would prevent the loss of K s and air emboli formation and (iii) that these mechanisms will enhance plant water and physiological status, ameliorating drought stress. To test this, we experimentally enhanced HR by adding water regularly to deep soil layers (>100 cm) within the reach of deep sagebrush roots. During the experiment and at regular intervals we monitored soil water content (SWC) within the soil column and plant water potentials. After 45 days of drought we measured characteristics of plant physiology and water relations and collected root and stem samples for isotopic measurements to determine plant water uptake and redistribution. On the same roots collected for isotopic measurements, we constructed vulnerability curves to assess the effect of HR on native embolism and root water transport capacity.
Materials and methods

Study site and experimental design
The study was conducted at the Utah State University Ecology Center, Green Canyon Research Area, located 4 km north-east of Logan, Utah (41.8459 N, 111 .8489 W, 1460 m above sea level). Mean annual precipitation at the site is 468 mm, mostly coming from winter precipitation as snow (Bilbrough and Caldwell 1996) . Weather data were collected from the Logan airport weather station located at a distance of 5 km from the experimental field site (http://www.wunderground.com/ history/ airport/KLGU/2008/7/5/MonthlyHistory.html#calendar).
Since we were interested in the effect of HR on K s , we used established sand-filled plots so that vapor water flow was limited between surface (0-100 cm) and deep layers (>100 cm). Plot size was 20 × 18 m where the original soil was excavated and removed to 1 m and filled with washed river-sand in 1992 (see Bilbrough and Caldwell 1996 for more details). Soil below the sand is a rocky Mollisol that has been formed on alluvial fan material (Jackson and Caldwell 1991) . During the summer and autumn of 1992, sagebrush (A. tridentata) shrubs were planted in six rows with a 2-m space between shrubs and a 3-m space between rows (Bilbrough and Caldwell 1996) . For the experiment, we selected 16 adult sagebrush plants (four from each alternative row) that were then randomly assigned to two different treatments. Eight individuals were assigned to a once a week deep irrigation (100 cm deep) treatment intended to enhance HR in shallow layers and the other eight individuals were used as control plants with a natural water regime. None of the plants received surface irrigation unless a natural rain event occurred. Irrigation was performed through 1.5-cm-diameter metal tubes inserted 100 cm into the soil with a plastic container placed on top. The joint between the container and the tube was sealed with a rubber o-ring to avoid water losses and water infiltration through the outer part of the tube. Four liters of water were supplied to each plant in a single event once a week for 6 weeks. On 20 August, 1 week before sample collection we applied 4 l of deuterium-labeled water (δD = 2300‰) to each of the plants in the irrigation treatment to quantify the amount of water transported through HR and the amount of labeled water taken up by the plants.
Soil water content
Volumetric SWC was monitored once a week at predawn (4-6 am solar time) with a portable Diviner 2000 Frequency Domain Reflectometry probe (FDR, Sentek Sensor Technologies, Stepney, Australia). Soil water content was monitored at 10-cm depth intervals from the surface down to a depth of 100 cm. One polyvinyl chloride access tube per plant was installed. Tubes were 120 cm long and were inserted 100 cm into the soil at an east position 30 cm away from the plant's main stem. The capacitance probe was previously calibrated following the manufacturer's instructions similarly to I. Prieto, F.I. Pugnaire and R.J. Ryel (submitted). Volumetric SWC from each 10-cm depth interval was then summed to obtain the cumulative SWC for the whole-soil column.
Plant water potential and physiological data
Plant water potential was measured once a week at predawn (Ψ pd , 4-6 am solar time) and midday (Ψ m , 12-1 pm solar time) with a Schölander-type pressure bomb (SKPM 1400, Skye Instruments Ltd, Llandrindod Wells, UK). Leaf CO 2 gas exchange (A) and g s were measured once at the end of the study (26 August) during morning hours (10-11 am solar time) with an infrared gas analyzer (Li-6400, LiCor, Inc., Lincoln, NE, USA) at constant saturating light levels (photon flux density (PFD) 1.500 µmol m −2 s −1 ), 400 ppm CO 2 concentration and ambient temperatures.
Hydraulic conductivity
Root hydraulic conductivity (K h ) was measured on one root segment per plant collected at a soil depth between 15 and 30 cm following Sperry et al. (1998) . After cutting the roots, these were immediately wrapped in plastic bags and transported to the laboratory at University of Utah in Salt Lake City. Root segments were at least 50 cm long and of similar diameter (4.4 ± 0.28 mm, mean ± SE), a length greater than most root vessels in sagebrush (Kolb and Sperry 1999a) . Once in the laboratory, roots were re-cut underwater in 14-cm-long segments, bark from the distal ends carefully removed and connected to a water-filled tubing system. To remove native embolism or any embolism produced during harvesting, roots were flushed for at least 30 min under high pressure (~100 kPa) with a 20-mM KCl degassed solution. Since great water pressure can cause refilling of embolized vessels that are continuous through the segment, we used a pressure gradient of 3 kPa (Hacke et al. 2000) . Initial K h were then calculated as the water flow rate through the root segment divided by the pressure gradient across it. This pressure did not cause refilling in roots, and the K h value remained stable.
To calculate the K s on a basis of the cross-sectional surface of active conducting tissue (sapwood area), we stained the roots by immersing one end in a filtered safranin solution (0.5%) and connecting the other end to a vacuum system (2-4 kPa). The vacuum was released 30 min after the dye was observed in the upper root end. A cycle of distilled water under vacuum was then applied to remove the remaining dye and avoid spread after cutting. A small root segment was then cut transversally and we measured the xylem cross-sectional area (A x ) using microphotography and the Image J software for image analysis (v. Image Analysis and Processes in Java free software, http://rsbweb.nih.gov/ij/).
Root vulnerability to embolism
We used the centrifugal force method (Sperry et al. 1988 ) to establish vulnerability curves to describe the percentage loss of conductivity (PLC, %) as a function of xylem-applied pressure (Ψ x ). To improve resolution of the low K h typical of A. tridentata, we measured the flow rate under zero pressure before and after applying the hydraulic head and subtracted the average value (background) from the flow under pressure to obtain the net flow rate caused by pressure (Kolb and Sperry 1999a Care was taken that background flow after the measurement returned to a similar value as before the measurement; if this was not the case, the measurement was repeated until these conditions were met. Background flows were typically negative, meaning that root segments absorbed some water. Following measurement of the initial K h , we placed the segments in a centrifuge rotor with root ends continuously immersed in water to prevent air entering the root vessels. Segments were spun in a centrifuge (Sorvall RC-5C, DuPont Instruments, Wilmington, DE, USA) for 3 min and then inserted into the tubing system and K h re-measured. The process was repeated, progressively spinning the segments to lower water potentials. The percentage loss of K h (PLC) after each pressure application (P) was calculated by relating the conductivity after the treatment to the initial conductivity (K si ): PLC = 100[1 − (K s , P/K si )]. Vulnerability curves were fitted with the following function (Pammenter and Vander Willigen 1998) :
where P 50PLC is the water potential at which the roots lose 50% of the conductivity and a is related to the slope of the curve. In sagebrush roots, only the outermost xylem tissue usually conducts water (Kolb and Sperry 1999a , Figure S1 available as Supplementary Data at Tree Physiology Online) and the flushing procedure might have refilled conduits in older-growth or recently fully embolized vessels that were not occluded. According to Hacke et al. (2000) these conduits are extremely vulnerable to cavitation. Thus, following the procedure described in Hacke et al. (2000) , all segments were spun to −0.5 MPa after flushing in order to determine xylem vulnerability of the functional, current year xylem. This pressure is sufficient to embolize most senescent conduits that were refilled by flushing, but too high to induce embolism in current year conduits. To calculate the percentage root embolism under field conditions (native PLC), we used the resulting calculated equations for the vulnerability curves with mean P 50PLC and a values calculated for each treatment and field Ψ pd , assuming all conduits in the plant are in hydraulic equilibrium (but see Donovan et al. 2001 ).
Isotopic analysis
Root, stem and soil samples from soil adjacent to roots were collected on 26 August in both treatments for deuterium isotopic composition determination (δD). One shallow root segment (5-6 cm long) was collected from each individual and immediately placed in glass vials. For stems, two to three stems per plant were collected from different branches and placed together in one glass vial. Soil samples were collected in the vicinity of the roots between 15 and 30 cm depths. All vials were immediately sealed after sample collection with a rubber stopper and wrapped in Parafilm (SPI supplies, West Chester, PA, USA) to prevent possible water losses. Vials were stored cold in an icefilled cooler until taken to the laboratory where they were frozen at −15 °C. Water for hydrogen isotope analysis (δD) was extracted in a cryogenic vacuum distillation line (Ehleringer and Osmond 1989) and measured using a dual inlet, isotope ratio mass spectrometer (Finnigan, Delta S, San José, CA, USA) at the Laboratory of Isotope Geochemistry, Department of Geosciences at University of Arizona (USA). Analytical precision was 1‰.
Values are expressed in Delta notation (δ) and refer to the Vienna Standard Mean Ocean Water (V-SMOW).
The proportion of irrigation labeled water that was either lifted, and thus present in roots and soils in shallow soil layers (f HL ), or taken up by the plants was estimated using a two-end linear member model (Dawson et al. 2002) :
where, δ i is the delta value of the water in the root or stem sample in watered plants, δ c is the delta value of the water in the root or stem sample in control plants and δ w is the delta value of the labeled water (2300‰).
Statistical analyses
We analyzed time-series measurements (Ψ pd and Ψ m and SWC) with repeated-measures analysis of variance (rm-ANOVAs) after testing for the sphericity assumption using Mauchly's sphericity test. We performed one-way ANOVA for comparisons of physiological and δD measurements when normality and homogeneity of variance (Levene's test) was met. To meet normality and homogeneity of variance assumptions, data were log-transformed when necessary (g s , Ψ pd , K s , native root conductivity (K f )). We used Kruskal-Wallis rank comparisons in cases of not normally distributed data to detect significant (P < 0.05) differences between treatments. Pearson's correlation analyses were performed across treatments. All statistical analyses were carried out with R version 2.15 (R Development Core Team, 2012). Results throughout the text and in tables and figures are presented as mean ± 1 SE.
Results
Weather data
The experimental period was typical summer weather for the study location with a mean temperature of 21.8 °C for the 2 months of the study period. Maximum and minimum temperatures were 32.5 and 11.5 °C, respectively. During this 6-week period that comprised mid-July and August, summer precipitation totaled 15 mm. These events occurred as rain events with two 6 mm events on 22 July and 7 August and a 3 mm rain event on 10 August.
Soil water content
Eight days after water application in deep soil (24 July) SWC increased above the depth where water was applied (Figure 1 ). Soil water content in the first 100 cm decreased progressively with time (time effect, F 6,36 = 2.80, P < 0.05) and remained greater in watered than in control plants throughout the duration of the experiment (treatment effect, F 1,42 = 18.37, P < 0.01). Across treatments, SWC at the end of the experiment was positively correlated to g s , E and Ψ pd (Table 1) . Mean SWC also positively correlated to K f and stem deuterium signature (δD) and marginally correlated to root δD (P = 0.07).
Plant water relations and physiological response
At the beginning of the experiment and before water addition Ψ pd did not differ between treatments (Figure 2) . Consistent with SWC measurements, Ψ pd gradually decreased during the course of the experiment in control plants, whereas it remained stable and greater in deep-watered shrubs (time × treatment effect, F 6,54 = 8.97, P < 0.001). The maximum observed differences in plant water potential between watered and control shrubs were achieved at the end of the experiment when plants differed by ~1 MPa, indicating a significant decrease in plant water potential in control plants. We observed the same trend on Ψ m (time × treatment effect, F 6,60 = 4.28, P < 0.01). The difference between predawn and midday plant water potential (ΔΨ = Ψ pd − Ψ m ) increased gradually as the summer progressed in both treatments (time effect, F 6,60 = 3.49, P < 0.01) but was not different in magnitude between treatments (time × treatment effect, F 6,60 = 0.83, P = 0.55). Deep-irrigated shrubs had almost double the g s and E than control plants and A and water use efficiency (WUE) were not affected by water addition (Figure 3) . Across treatments, transpiration-related parameters (g s and E) were positively correlated to K f and SWC and negatively Internal hydraulic lift prevents root embolism 43 Figure 1 . Soil water content measured in shallow (<40 cm) and deep (50-90 cm) soil layers (mean ± SE, n = 4) in A. tridentata shrubs that received deep irrigation (Deep-Irr) and did not receive supplemental water (control) during 6 weeks of drought. Figure 2 . Plant Ψ pd and Ψ m (mean ± SE, n = 6) in A. tridentata shrubs that received deep irrigation (Deep-Irr, black symbols) and did not receive supplemental water (control, gray symbols) during 6 weeks of drought (rm-ANOVA, time × treatment effect, P < 0.001).
Note that values in the x-axis are expressed as positive pressures applied in the chamber. Table 1 . Pearson's correlation (r) results for isotope (root, stem and soil δD), physiological (A, g s , E, WUE, Ψ pd and Ψ m ) and conductivity (K s and K f ) measurements and volumetric SWC measured in A. tridentata shrubs that received deep irrigation and that did not receive any water. All samples were collected at the end of the experiment on 16 August (n = 16 except for Ψ m where n = 12). Significant differences are indicated in bold as **P < 0.01, *P < 0.05 and † P < 0.06. 
Isotope analysis
Deuterium signature data from plant stems were consistent with plant water uptake profiles (Figure 1 ) since plants took up a large proportion of labeled water immediately after application, indicating that plant roots were active in deep soil layers. Stem δD was greater in watered plants (Figure 4) and results from the isotope two-end linear member model (Dawson et al. 2002) indicate that deep-watered shrubs took up ~16% of the labeled water added over 6 days between the 20 and 26 August. Overall, assuming shrubs took up 16% of the water added to deep layers from each individual event, the effective extra water supplied to the plants each time was 0.6 l per application. In agreement with stem δD, shallow root δD was also greater in deep-watered shrubs (Figure 4) , an indication of greater HR. The isotopic two-end linear member model indicated that 3% of the water added to depth was moved from deep to shallow roots via hydraulic lift over the 6-day period (20-26 August). Across treatments, root deuterium signature was positively correlated to stem deuterium signature (Table 1) , indicating a net water transfer of labeled water between deep and shallow lateral roots. Contrary to expectations, soil deuterium signature was not significantly different between treatments and was not correlated to either stem or root deuterium signatures. Across treatments, root and stem δD were both correlated to E. Stem δD was also positively correlated to g s , E and SWC and negatively to Ψ pd and Ψ m .
Root conductivity and embolism
Maximum root hydraulic conductivities (K s ) were threefold greater in watered than in control shrubs ( . Deuterium isotopic signature (δD) in water extracted from shallow roots (15-30 cm), shallow soil (15-30 cm) around roots and plant stems (mean ± SE, n = 8) in deep-watered (Deep-Irrig), and control plants. Asterisks denote significant differences bet ween treatments (one-way ANOVA, P < 0.05); n.s = no significant differences. available as Supplementary Data at Tree Physiology Online) when measured after flushing (Ψ x = 0), indicating a greater root water transport capacity. Native root conductivities at the end of the drought period were also greater in shrubs that were deepwatered that in control shrubs. The percentage loss of root conductivity under field conditions (native PLC; i.e., the inverse of native root embolism) was almost twofold smaller in deepwatered plants, indicating greater root water transport capacity under current field conditions in these plants (Table 2) . Vulnerability to xylem embolism in shallow roots was similar in deep-watered and in control shrubs (Table 2, Figure S2 available as Supplementary Data at Tree Physiology Online). The parameters of the fitted vulnerability curves a or P 50PLC did not differ between treatments and all shrubs showed a moderately high vulnerability to embolism (P 50PLC ) in shallow roots (Table 2) . Across treatments, K f was positively correlated to stem δD composition and SWC, and both K s and K f tended to be greater with greater root δD composition (P = 0.06) and were negatively correlated to plant water potential (both Ψ pd and Ψ m ) ( Table 1) .
Discussion
We found clear evidence of water transfer between deep and shallow roots through HR that delayed SWC depletion in shallow layers and loss of K s and reduced shallow root embolism in sagebrush. Consistent with previous research, shrubs responded to deep water addition by absorbing a great proportion of the added water and redistributing it to shallow roots. This water uptake and redistribution led to improved plant water relations, i.e., greater plant water potentials and g s and double the E rates. Overall, our results show a positive effect of HR both on root water transport capacity and on plant water relations and physiological activity.
The experiment period was hot and very little rain fell during the 6 weeks of drought. This rain was distributed in three small events that did not penetrate deep into the soil as no great variations in shallow SWC were observed and only a slight increase was observed after a cumulated rainfall of 9 mm between 7 and 10 August (Figure 1 ). Soil water content was greater in deep than in shallow soil layers, favoring the water potential gradient needed for HR Caldwell 1987, Prieto et al. 2012b ). Indeed, we observed consistently greater shallow SWCs under deep-watered shrubs, a clear indication of greater HR through plant roots. Indeed, shallow soil was removed to depth of 1 m and refilled with coarse riverbed sand that has by definition a much lower soil conductivity than the soil below (Van Genuchten 1980, Bilbrough and Caldwell 1996) , severely limiting unsaturated water flow from deep soil. As a result, the greater water content detected in shallow soil under watered shrubs was due to HR from deep layers , Warren et al. 2005 , Brooks et al. 2006 . These data are supported by the greater δD observed in xylem water from shallow roots, a clear indication of the existence of HR in our system.
Unfortunately, in our study we were unable to detect a greater isotopic composition in soil water surrounding these roots (Peñuelas and Filella 2003 , Querejeta et al. 2011 , Prieto et al. 2012a . Nonetheless, most studies reporting water transfer from deep soil to shallow roots also found the redistributed water in soil surrounding the roots (Scholz et al. 2002 , Bauerle et al. 2008 , Warren et al. 2008 and that roots likely do not have any mechanism to avoid root water loss (Caldwell et al. 1998) . It is then unlikely that, in our study, we found labeled water in the roots, redistributed from deep soil layers, and did not find the label in the drier soil around the roots. Assuming that all of the water lifted to shallow roots over the 6-day period was fully transferred to the soil (3%), the expected isotopic composition of soil water around roots would be ca. −50‰. This value, even without taking into account the fractionation due to soil evaporation, is slightly greater than the actual measured isotopic composition in the soil close to the roots under watered shrubs (δD = −67‰). This means that only a very small proportion of the water transferred to the roots was transferred to the soil adjacent to roots and hence the slightly greater (although not significant) values observed in soil under watered shrubs (Figure 4) . One plausible explanation for this is that we collected the soil samples adjacent to the same roots used for xylem isotopic measurements and hydraulic conductivity. These roots had a mean diameter of 0.44 cm and were located 30-50 cm away from the main stem. Thus, although the deuterium signal was strong enough to be detected even in small quantities (δD = 2300‰), very few fine absorbing roots, the ones involved mainly in water transfer between the soil and the root system, were present in the adjacent soil where we collected the samples and the redistributed Internal hydraulic lift prevents root embolism 45 The parameter a defines the slope of the vulnerability curve; P 50PLC is the applied pressure at which roots lose 50% of their conductivity; K s is the maximum root conductivity measured immediately after flushing the shrubs with a KCl degassed solution and K f is the native root conductivity (see Materials and methods). Different letters indicate significant differences between treatments (one-way ANOVA, P < 0.05).
water was exuded elsewhere in the root system. However, xylem root water isotopic data and SWC measurements consistently reveal the existence of HR in our system. The added water was quickly absorbed by the shrubs and redistributed to shallow roots within the 6 days following label application, indicating a relatively fast uptake and redistribution of deep soil water . Moreover, sagebrush shrubs took up a substantial amount (~700 ml over 6 days) of the water added to depth, indicating that roots were active below this depth, despite the fact that sagebrush allocates >90% of the root biomass in the first 120 cm (Ryel et al. 2002) . In response to deep water addition and redistribution, sagebrush maintained their plant water status and improved their physiological activity over control plants as previously observed by other authors when water was added to the surface , Loik 2007 . The maintenance of active roots in shallow soils, which become quite dry in the absence of precipitation, entail that overall plant water potential may be low in response to the overall soil water potential where roots are active (Donovan et al. 2001 ). This was observed in control plants where plant water potential gradually decreased as drought progressed and shallow soils dried out increasing shallow root embolism. Hydraulic redistribution, on the other hand, can maintain shallow roots at water potentials over that of the soil surrounding them and homogenizes SWC in shallow layers (Ryel et al. 2002 , Domec et al. 2006 , improving overall plant water status as observed for deepwatered shrubs in our study.
Another positive effect of the extra shallow soil moisture provided through HR is the boost in E rates. Hydraulic redistribution can increase E rates ~20% on average and up to 80% in some ecosystems (Jackson et al. 2000 , Ryel et al. 2002 , Kurz et al. 2006 . We observed a similar increase in E in our study with g s and E rates in watered shrubs at double of those of the control shrubs at the end of the experiment. This increase in E rates likely occurred both in response to more water being absorbed by deep roots (16%) and water being redistributed to shallow roots (3%) that increased shallow soil water availability the next day (Ryel et al. 2002 , Ryel 2004 . Similar E increases with HR were observed at the stand level in Amazonian forests and loblolly pine (Pinus taeda) forests in North Carolina (Lee et al. 2005 , Domec et al. 2010 , which puts forward the importance of HR not only for individual plants but also for whole-plant communities and ecosystems, i.e., the vast mono-specific sagebrush stands in the Great Basin in Utah.
Sagebrush showed an isohydric behavior and responded to intense drought by closing stomata as previously observed in the field (Dobrowolski et al. 1990) , with shrubs reaching lower g s and Ψ pd and Ψ m when not watered. Moreover, the difference between Ψ m and Ψ pd was smaller in control plants at the end of the experiment, indicating a stomatal control of E when the soil is drier (data not shown). We did not detect any significant differences in plant A or WUE between treatments, indicating that the increase in E rates and water potentials did not likely translate into a net C gain for the plant (A). On the other hand, an evaluation on C assimilation at the stand level showed a positive effect of HR on C uptake in the long term (Domec et al. 2010) . The slightly higher values of A observed in deep-watered plants and the positive relationship between g s and A may imply that plants may have responded to the treatment by increasing or maintaining C assimilation over control plants. Thus, a potential C gain in the longer term with continued drought may be possible in the presence of HR, although this remains to be tested in sagebrush.
Since K s defines the capacity of the plant to absorb water and dissolve nutrients at optimal conditions (Sperry et al. 2002) , the maintenance of high K s in shallow roots during drought periods is crucial for drought-adapted species and will determine the water uptake rates under moister conditions (e.g., after a summer storm or the first autumn rains in the Great Basin). Shallow roots from shrubs that were deepwatered and performed HR showed consistently greater K s than control shrubs. Root maximum conductivity was indeed positively correlated to root deuterium composition. These data indicate a clear positive effect of HR in the maintenance of greater root water transport and lower embolism that translated into a better plant physiological and water status. This could not only imply greater root and overall plant water transport and improved water relations during drought but also a greater capacity of the shrubs to respond to subsequent rain events and eventually redistribute greater quantities of water to depth (Ryel et al. 2003 , 2004 , Prieto et al. 2012b .
Plants in the field rarely experience maximal growth conditions in semi-arid climates. Hence, other than the maximum water transport capacity of xylem conduits, an important feature that defines the actual plant water transport capacity is the xylem conductivity under field conditions and the percentage embolism that plants experience during drought. In conifers, HR reduced native embolism in roots and prevented stomatal closure as the drought season progressed (Domec et al. 2004) . Results from our study point in the same direction for ring-porous species that showed greater K f and twofold smaller native PLC (i.e., lower native embolism), in shrubs that redistributed water to shallow roots. This implies greater root water transport capacities under field conditions in shallow roots from plants that were involved in HR. Plant water potentials, and in turn root water potentials assuming equilibrium within the soil-plant continuum, were also greater along with g s and E. Taken together, these data point to root xylem embolism acting in concert with stomatal control to limit plant water transport and loss during drought (Domec et al. 2004 , Bauerle et al. 2008 and HR acting as a beneficial mechanism improving root water transport and overall plant water status.
Conclusions
As hypothesized, plant water uptake from deep soil and HR to shallow roots in sagebrush had a positive effect on both initial and native root conductivities, improving plant water relations and physiology. Water redistribution to shallow roots reduced embolism formation during drought with great implications for plant water transport and uptake. This mechanism can be especially important in drought-prone environments where plants experience intense drought stress since the low resistance to embolism of roots may otherwise limit plant water use, and therefore play a critical role for stomatal regulation of plant water status.
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